The Augustine Volcano is a conical-shaped, active stratovolcano located on an island of the same name in Cook Inlet, about 290 km southwest of Anchorage, Alaska. Augustine has experienced seven significant explosive
Introduction
The "eruption cycle" of a volcano can be conceptualized as a series of events from deep magma generation to surface eruption that include such stages as partial melting, initial ascent through the upper mantle and lower crust, crustal assimilation, magma mixing, degassing, shallow storage and, finally, ascent to the surface (Dzurisin, 2003) . This process is complex and varies from one eruption to the next and from volcano to volcano. In many cases, volcanic eruptions are preceded by pronounced ground deformation in response to increasing pressure from magma chambers or the upward intrusion of magma (Dvorak and Dzurisin, 1997) . Therefore, surface deformation patterns have the potential to shed important insights into the structure, plumbing, and state of restless volcanoes (Dvorak and Dzurisin, 1997; Dzurisin, 2003) and can be the first sign of increasing levels of volcanic activity, preceding swarms of earthquakes or other precursors that signal impending intrusions or eruptions. The ability to map surface deformation associated with volcanic events is the key to protecting public welfare as well as furthering scientific understanding of these dynamic processes.
Roughly 10% of the world's active volcanoes are located in Alaska. Although the frequency of eruptions in Alaska is high, particularly in the Aleutian arc, these volcanoes reCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. main poorly studied due to their remote location. Surface change monitoring that consists of sparsely distributed continuous Global Positioning System (GPS) stations or sporadically occupied campaign GPS sites can be prohibitively expensive, logistically challenging, and often not adequate for characterizing the complex deformation patterns associated with hazardous volcanic processes. This limitation poses a significant problem for studying volcanoes in the region, and more cost-effective strategies are required to comprehensively monitor these and similar remote and poorly understood volcanoes.
Interferometric Synthetic Aperture Radar (InSAR) (e.g., Massonnet and Feigl, 1998; Rosen et al., 2000; Zebker et al., 2000) from space-based platforms can provide an important complementary capability for ground-based monitoring of surface deformation. InSAR images provide a synoptic view that encompasses the volcano and surrounding area. The successful application of InSAR to volcanoes has been demonstrated at numerous locations around the world, including sites in Alaska (e.g., Lu et al., 2003; Lu, 2007) . In addition to volcano-wide deformation related to magma injection and eruption, InSAR has revealed local deformation associated with young lava and pyroclastic flows (Briole et al., 1997; Stevens et al., 2001; Lu et al., 2005) . The deformation of erupted material can provide insights into the post-emplacement behavior of lava and pyroclastic flows and suggests the need for caution in the interpretation of volcano-wide deformation patterns at active volcanoes.
Augustine Volcano is a 1250-m-high and 90-km 2 -size island stratovolcano in southwestern Cook Inlet, about 290 km southwest of Anchorage, Alaska (Fig. 1) . Augustine Island was formed on Jurassic and Cretaceous sedimentary strata and overlain by granitoid glacial erratics and volcanic hyaloclastites (Miller et al., 1998) . Augustine Volcano is one of the youngest and most active volcanoes in Cook Inlet (Begét and Kowalik, 2006) , having experienced significant explosive eruptions in 1812, 1883, 1935, 1963, 1976, 1986 and, most recently, in 2006 . The most violent of these eruptions was in 1883, when a debris avalanche generated a small tsunami in Cook Inlet (Miller et al., 1998) . Most eruptions of Augustine began with an initial series of vent-clearing explosions with pyroclastic flows, surges, and lahars on the volcano flanks, followed by the extrusion of andesitic lava from the volcano's summit (Waythomas and Waitt, 1998) . Pyroclastic flows generated by the 1986 eruption covered a fan-shaped region on the north-northeast flank of the volcano with lithic-rich pumice deposits.
Preliminary results based on a limited number of InSAR images have indicated an active deformation of the north flank of Augustine Volcano between 1992 and 1999 (Lu et al., 2003) . This region of deformation corresponds to the area covered by the 1986 pyroclastic flow deposits, and, accordingly, the subsidence has been attributed to the postemplacement behavior of the unit. Using an InSAR image of Augustine spanning 1992-1993, Masterlark et al. (2006) constructed finite element models that simulated the posteruptive thermoelastic contraction of the initially hot and geometrically complex 1986 pyroclastic flow deposits. By combining the 1992-1993 InSAR image, the finite element model, and an adaptive mesh algorithm to iteratively optimize the geometry of the deposit, Masterlark et al. (2006) determined an initial excess temperature for the pyroclastic flow unit of 640
• C and an average thickness of 9.3 m. In this study, we systematically processed all of the available InSAR images for the Augustine Volcano between 1992 and 2005 using Synthetic Aperture Radar (SAR) images acquired by the European Remote sensing Satellite (ERS)-1, ERS-2, and the Environment Satellite (ENVISAT). Our goal was to investigate: (1) how the subsidence of the 1986 pyroclastic flow evolved between 1992 and 2005, and (2) whether or not volcano-wide deformation preceded the unrest and eruption of 2005-2006, as is expected based on InSAR observations from other Alaskan volcanoes (Lu et al., 2003; Lu, 2007) .
InSAR Observations and Analysis

SAR images and digital elevation model
InSAR images used in this study (Table 1) The SAR data were collected during sub-arctic summers and autumns (mid-June to mid-October) to avoid any potential loss of coherence due to snow and ice accumulation. The images are from both descending and ascending passes. To correct the interferograms for topographic effects, we used the 1-arc-second (about 30-m posting) Shuttle Radar Topography Mission (SRTM) Digital Elevation model (DEM), which has a relative vertical accuracy of better than 10 m and an absolute vertical accuracy of better than 16 m. DEM errors of this magnitude would result in no more than 6 mm of line-of-sight (LOS) range error in the interferograms (e.g., Massonnet and Feigl, 1998) .
InSAR time-series inversion
Inspecting all of the ERS and ENIVSAT InSAR images, we found that coherence can be maintained reasonably well over most of the volcano in interferograms spanning 2 years or less, except in the northwest part of Augustine Island where vegetation is the thickest. Coherence decreased markedly in interferograms spanning more than 2 years. We therefore only used interferograms that span roughly 2 years or less in our analysis (Table 1) . From the resulting dataset of almost 630 InSAR images, we made two key observations. First, most of the deformation observed in the interferograms occurred over the northern part of the volcano and was most likely associated with post-emplacement deformation of the 1986 pyroclastic flows (Lu et al., 2003; Masterlark et al., 2006) . Second, the observed deformation fringes are often contaminated by atmospheric delay anomalies that can be as large as about 1 fringe (2.83 cm) around the volcano. Past studies have shown that atmospheric delay anomalies can be severe in the Alaskan environment (e.g., Lu et al., 2005) . Consequently, it is important to reduce atmospheric contamination in the InSAR data in order to reveal any possible volcano-wide deformation. An important question is whether or not the deformation occurred primarily in the vertical direction. Because each interferogram can only sense the deformation along the satellite's LOS direction, interferograms from three distinct imaging geometries are required to determine the threedimensional deformation field (Wright et al., 2004) . Even though this is not possible for Augustine (because only two imaging geometries, ascending and descending, are available), the interferograms can still shed light on the spatial and temporal patterns of deformation. Figure 2 shows six interferograms from six independent tracks (three ascending and three descending). All of these span a time interval of about 1 year. Because these interferograms show very similar deformation patterns, we conclude that the deformation over the 1986 pyroclastic flow is primarily vertical. In other words, the deformation is not caused by the downslope (i.e., mostly horizontal) movement of the pyroclastic flow unit, but instead by a contraction of the deposit itself.
Next, we investigated how the subsidence over the 1986 pyroclastic flow evolved with time and whether or not volcano-wide deformation occurred during 1992-2005. To accomplish this goal, it was necessary to mitigate atmospheric artifacts in the InSAR images (e.g., Zebker et al., 1997) . Using interferograms from the same tracks that span about 2 years or less and overlap in time, we employed a linear time-series inversion approach to estimate the temporal evolution of subsidence of the 1986 pyroclastic flow (Berardino et al., 2002; Usai, 2003; Schmidt and Bürgmann, 2003; Lundgren et al., 2004) . Although the least-squares inversion method does not directly remove the effects of atmospheric artifacts, which are usually associated with particular epochs and are not correlated through time, it combines interferograms that overlap in time. As a result, the atmospheric artifacts are averaged, and their effects on surface deformation history are mitigated.
In this study, we adopted the singular-value decomposition (SVD) model for linear time-series inversion developed by Berardino et al. (2002) and summarized by Usai (2003). In a generic least-squares approach, it is commonly assumed that deformation velocity is constant over the time bracketed by a pair of SAR images (e.g., Usai, 2003) . In the SVD method, the deformation velocity between two consecutive SAR image acquisitions is assumed to be constant. By assuming a constant deformation rate over shorter time periods, the SVD method can prevent large discontinuities in deformation estimates often produced by the generic least squares method. The overall effect is that the SVD method can provide a physically sound deformation history (Berardino et al., 2002) . The SVD method was implemented through a slight modification from the conventional linear inversion methodology described by Menke (1989) :
where v is the unknown deformation velocity, φ is the measured deformation phase during a time interval t, and G is the data kernel reflecting deformation velocity at individual SAR acquisition times (Berardino et al., 2002) . The mean velocity at each instance can be obtained as follows:
The time-series of deformation is obtained by incrementally integrating the deformation velocity at the times of individual SAR acquisitions. We selected high-coherence differential interferograms from tracks 229 (Fig. 3) and 501, both of which have the most ERS-1, ERS-2, and ENVISAT image acquisitions, to derive time-series deformation histories for Augustine volcano between 1992 and 2005. The time-dependent deformation is calculated by the SVD method that solves for the incremental range change between SAR scene acquisitions.
In Fig. 4 , the colored background was created by averaging all the unwrapped interferograms from track 229, which spanned about 1 year between 1992 and 2005. Deformation histories estimated by the SVD method for nine selected points are also shown for both tracks 229 and 501.
Discussion
The goal of this study was to investigate the deformation of the 1986 pyroclastic flow deposits and to identify whether or not there was any volcano-wide deformation associated with magma accumulation prior to the 2005-2006 unrest and eruption. Figure 4 summarizes the main findings of our investigation. The strongest surface displacement signal was detected on the northeast flanks of the volcano.
This area corresponds to the region covered by pyroclastic flow deposits from the 1986 eruption (Fig. 1) . The deformation histories at three representative points, P6, P14, and P19, show a total deformation of about 21 cm, 37 cm, and 19 cm between 1992 and 2005, respectively (Fig. 4) .
The deformation at these points is most likely caused by thermal contraction of 1986's pyroclastic flow deposits, and differences in subsidence magnitude among different parts of the flow are probably due to varying thicknesses of the unit . We do not attribute the persisting subsidence to the compaction of the loosely consolidated deposits because compaction-related poroelastic deformation effects occur soon after deposition (Turcotte and Schubert, 1982) .
The time-series analysis suggests an exponential decrease in the subsidence rate from 1992 to 2005. The time constants range from 5 years to 20 years, with the thickest flow having the largest time constant. Assuming the subsidence before 1992 follows the pattern determined for the 1992-2005 period, we infer that the subsidence might have reached about 25 cm/year in the 1986-1997 period. This rate is similar to the magma contraction rate at Okmok volcano, where the 1997 lava flows contracted about 12 cm in 88 days, 4 months after the emplacement (Lu et al., 2005) .
The southwest flanks of Augustine Island show no significant deformation from 1992 through 2005 (e.g., P10, P12, and P13). However, we observed apparent range shortening over the areas just outside of the 1986 pyroclastic flows. In Fig. 4 , points P7, P11, P16, and P17, showed trends of apparent volcano inflation with a maximum magnitude of about 5 cm between 1992 and 2005. The deformation rate is less than 4 mm/year over the 13-year time span. We do not fully understand the source that brought out this apparent uplift, which may be volcanic or tectonic signal. Alternatively, this apparent deformation may be caused by the presence of atmospheric delay anomalies that survived the SVD inversion. Therefore, we cannot conclusively prove or rule out the presence of volcano-wide deformation caused by magma accumulation between 1992 and 2005. The absence of pre-eruptive deformation is not uncommon, and has also been observed in Shishaldin Volcano, Alaska (e.g., Moran et al., 2006) and Lascar Volcano in Chile (e.g., Pritchard and Simons, 2002) . Future work that incorporates atmospheric delays into our SVD inversion will enhance the accuracy of InSAR measurements at Augustine.
Conclusions
We studied the surface deformation of Augustine Volcano, Alaska, using ERS-1/2 and ENVISAT data acquired between June 1992 and August 2005. Using a singular value decomposition method, we reduced deformation artifacts caused by atmospheric path delays and assembled a time-series of deformation. The 1986 pyroclastic flow deposits over the northeast flank of Augustine Volcano experienced the most significant deformation. The subsidence rate was about 1-3 cm per year, with a rate that decreased with time. The subsidence was most likely caused by thermal contraction of the initially hot material, and spatial heterogeneity was probably associated with differences in the thickness of the pyroclastic flow deposit. Augustine Volcano showed no significant volcano-wide uplift during 1992-2005, suggesting that if such deformation did occur, it was insignificant and may have been obscured by atmospheric delay anomalies in the InSAR results.
